Diel nitrogen fixation studies were conducted with assemblages of cyanobacteria sampled from surface blooms on Sanctuary Lake, Pa. The studies were conducted between July and September of 1982 to 1985 by using the acetylene reduction technique. Assemblages with the lowest cell concentrations (0.9 x 109 to 1.0 x 109 cells per liter) exhibited nitrogen fixation activity throughout the day, with maximum fixation rates occurring in mid to late afternoon; fixation proceeded throughout the night at rates equivalent to 23 to 28% of the afternoon maximum. In studies conducted with the highest cell concentrations (3.7 x 109 to 6.7 x 109 cells per liter), fixation rates reached maximum values in mid to late morning. The rates declined rapidly throughout the midday period and subsequently ceased from late afternoon until sunrise on the following day. The afternoon decline and cessation of fixation exhibited by high cell concentrations correlated with photosynthetically induced low total CO2 and supersaturating 02 concentrations. The midday decline could be prevented and partially reversed by experimentally lowering 02 and increasing total CO2 concentrations. Under experimental conditions which simultaneously prevented supersaturating 02 concentrations and maintained high total CO2 availability, nitrogen fixation continued throughout the solar day, with maximum rates occurring at midday. These observations indicate that temporal changes in photosynthetic activity may affect diel fluctuations in nitrogen fixation.
Nitrogen fixation by cyanobacteria fluctuates on a diel basis in aquatic environments (12) (13) (14) 16) . Several different daily patterns of fixation have been observed, including patterns in which nitrogen fixation rates are highest in the morning and decline during midday (13, 29, 31) . In some cases, the midday decline is followed by an increase in fixation activity in the afternoon or evening (2, 25, 28) . In the surface waters of eutrophic lakes, in excess of 65% of daily nitrogen fixation may occur before the middle of the solar day (9, 27) .
Short-term fluctuations in the rates of nitrogen fixation in lakes have been attributed to changes in the numbers of cyanobacteria and to alterations in their physiology (25) . Vertical migration by gas-vacuolated cyanobacteria has been shown to affect diel fixation rates in surface waters (16) . Chemical and physical parameters known to affect physiological alterations associated with variable fixation rates include dissolved oxygen concentration, inorganic carbon availability, pH, light, and temperature (11, 15, 17) . Although several of these parameters may act simultaneously to affect nitrogen fixation, the sensitivity of cyanobacteria to dissolved oxygen is commonly considered to be the major factor responsible for the suppression of nitrogen fixation during periods of active photosynthesis (2, 31) . Photosynthetically induced oxygen increases may directly inhibit nitrogen fixation by repressing nitrogenase synthesis or by inhibiting nitrogenase activity (8, 26) . In addition, high dissolved oxygen concentrations at midday may indirectly cause a decrease in nitrogen fixation because of the inhibitory effect of oxygen on carbon fixation (25) .
Carbon dioxide availability usually is not considered to account for diel fluctuations in nitrogen fixation, presumably because it does not vary appreciably on a diel basis in most * Corresponding author. aquatic environments. However, it has been proposed that photorespiration, which can occur as a result of photosynthetically induced high 02 and low CO2 concentrations, may inhibit nitrogen fixation activity (18, 25) . Consequently, in aquatic systems characterized by thick surface blooms of cyanobacteria, metabolically induced CO2 deprivation in combination with supersaturating 02 conditions may affect diel fluctuations in nitrogen fixation.
Our studies on Sanctuary Lake, Pa., were undertaken to quantify diel variations in nitrogen fixation and to identify the factors responsible for their occurrence in surface blooms of cyanobacteria. Midday inhibition of nitrogen fixation was commonly observed in assemblages comprising high concentrations of cyanobacteria. The onset of inhibition correlated with supersaturating 02 conditions and decreased availability of inorganic carbon. Experiments involving the alteration of dissolved oxygen and inorganic carbon concentrations confirmed that photosynthetically induced changes in dissolved 02 and CO2 interacted to inhibit nitrogen fixation prior to the middle of the solar day.
MATERIALS AND METHODS
Study area. Studies were undertaken between July and September of 1982 to 1985, when surface blooms commonly formed on Sanctuary Lake, Pa. Sanctuary Lake is the upper portion of Pymatuning Reservoir, which is located in the extreme western region of Pennsylvania. The lake is the most productive portion of the reservoir, with a surface area of ca. 5,000 ha and a mean depth of 2 m (30). The lake has been the site of nitrogen fixation studies conducted by Dugdale and Dugdale (3) and the subject of studies dealing with phytoplankton productivity and seasonal succession (10, 30) .
Sampling. Diel studies were initiated by collecting surface samples approximately 1 h before sunrise. Buoyant, gas-DIEL NITROGEN FIXATION BY CYANOBACTERIA 467 vacuolated cyanobacteria were skimmed from the surface of the water in near-shore areas of the lake. The phytoplankton community in the surface water samples was dominated by three cyanobacteria species (Anabaena flos-aquae, Aphanizomenon flos-aquae, and a Microcystis sp.), with cell numbers in the samples ranging from 0.9 x 109 to 6.7 x 109 cells per liter. A total of 1 to 2 liters of lake water was placed in 3.8-liter glass bottles, thus providing a headspace of 1.8 to 2.8 liters. The bottles were incubated in the surface waters of the lake by placing them on a wooden rack designed to keep the necks of the bottles out of the water. This permitted incubation without capping the bottles, which facilitated exchange of gases between the samples and the atmosphere throughout the incubation period.
Throughout the day, 30-ml subsamples were removed from the 3.8-liter bottles, and nitrogen fixation activity was measured by a modification of the acetylene reduction technique described by Flett et al. (6) . Glass vials (30 ml) were filled with water, sealed with serum stoppers, and injected with 5 ml of acetylene with a syringe. After the vials were incubated in the surface water of the lake for 30 min, nitrogen fixation activity was halted by injecting 0.5 ml of 100% trichloroacetic acid. Background ethylene contamination was monitored at intervals throughout the day by collecting 30-ml subsamples from the 3.8-liter bottles and fixing them with trichloroacetic acid immediately after 5 ml of acetylene was injected. All acid-preserved samples were refrigerated (4°C) until they were analyzed for ethylene by flame ionization gas chromatography (model 427 gas chromatograph [Packard Instrument Co., Inc., Rockville, Md.] with a 1-m phenylisocyanate-Porasil C column). Results of diel studies by replicate sampling revealed that the average variation of the acetylene reduction measurements was 0.3 ± 0.1 ,uM/liter per h (P = 0.05).
Subsamples were also removed from the 3.8-liter bottles throughout the day to monitor pH, dissolved oxygen, and temperature. Dissolved oxygen concentration was measured either by a micro-Winkler titration technique or with an oxygen meter (model 53; Yellow Springs Instrument Co., Yellow Springs, Ohio). A pH meter (Corning Glass Works, Coming, N.Y.) was used to measure the pH. The pH measurements were used to determine total CO2 concentrations based on the pH-total CO2 relationship generated for Sanctuary Lake water by the Van Slyke manometric method (K. G. Wood, unpublished data). Throughout each experiment, solar radiation was measured with a pyrheliometer (Eppley).
Oxygen and inorganic carbon experiments. An experiment was conducted to determine the effects of dissolved oxygen and inorganic carbon availability on acetylene reduction activity. Prior to sunrise, surface water was placed in five 3.8-liter bottles. While the bottles were incubating throughout the day at the surface of the lake, one bottle was periodically sparged with N2 gas to prevent increases in dissolved 02 because of photosynthetic activity; dissolved oxygen was maintained within the range of 125 to 187 ,uM/liter. Another bottle was occasionally sparged with CO2 to prevent decreases in inorganic carbon because of photosynthesis; total carbon dioxide was maintained at ca. 1, 100 ,uM/liter by sparging the bottle with CO2 to maintain the sample at ca. pH 8 (pH 8 -1,100,uM total CO2 per liter in Sanctuary Lake surface water). A third 3.8-liter bottle was periodically sparged with both N2 and CO2 in order to quantify the combined effects of low 02 (125 to 187,uM/liter) and high total CO2 availability (1,100 p.M total CO2 per liter).
In addition, two 3.8-liter bottles were maintained as con- trols. Throughout the 17-h incubation period, 30- Dissolved 02 concentrations were observed to remain near air saturation (235 to 306 FLM/liter) throughout the solar day in the samples with low cell concentrations (Fig. 1) . Total CO2 was reduced by ca. 50% between sunrise and sunset because of photosynthetic activity (Fig. 1) . The lack of a reciprocal increase in oxygen presumably was due to the loss of oxygen from the water to the headspace in the 3.8-liter bottles. Although the measured changes in 02 and total CO2 could not be used to quantify photosynthesis in these experiments, the continuous decrease in CO2 throughout the solar day indicates that photosynthesis occurred from approximately sunrise to sunset. Neither 02 or total CO2 changes appeared to be sufficient to alter nitrogen fixation activity, and the decrease in fixation activity that occurred near sunset was light dependent.
High concentrations of cyanobacteria. Nitrogen fixation activity in surface water samples with the highest concentrations of cyanobacteria (3.7 x 109 to 6.7 x 109 cells per liter) characteristically increased rapidly after sunrise and peaked prior to midday (Fig. 2 and 3) . Throughout the afternoon hours, fixation activity decreased and subsequently ceased during the night. In excess of 75% of total daily nitrogen fixation commonly occurred prior to the middle of the solar day.
As a result of intense photosynthetic activity, dissolved 02 and total CO2 concentrations fluctuated appreciably during the solar day. Dissolved 02 concentrations, which were near air saturation levels (235 to 291 p.M/liter) at sunrise, increased to maximum levels (440 to 745 puM/liter) within 6 h after sunrise ( Fig. 2 and 3) . Typically, 02 concentrations decreased in the afternoon, presumably because of community respiration, reduced rates of photosynthesis, and the loss of 02 from the water samples to the atmosphere. Total CO2 decreased rapidly during the morning hours, with a midday minimum (30 to 200 KM/liter) occurring approximately 2 to 3 h following the period of maximum nitrogen fixation activity ( Fig. 2 and 3 ). In the experiments that we conducted between 1982 and 1985 with Sanctuary Lake surface blooms, it was not uncommon for the cyanobacteria to remove 60 to 90% of the total inorganic carbon by midday. Total CO2 concentrations gradually increased during the afternoon and throughout the night, presumably because of community respiration. The total CO2 and 02 data indicate that photosynthetic activity was either suspended or greatly reduced throughout the latter half of the solar day. Oxygen and inorganic carbon experiments. Sparging periodically with N2 to maintain dissolved 02 at low levels (125 to 187 F.M/liter) throughout the solar day revealed that nitrogen fixation activity was sensitive to supersaturating concentrations of 02 (Fig. 4) . The control sample attained greatly elevated 02 concentrations (566 pLM/liter maximum) and low total CO2 concentrations (197 KM/liter minimum).
In the sample sparged with N2 to prevent 02 supersatura- tion, nitrogen fixation activity was extended later into the morning hours before it attained a maximum rate prior to the middle of the solar day, and the maximum rate was 50% higher than that of the control. Nitrogen fixation activity decreased throughout the afternoon and ceased prior to sunset in both the control and the sample maintained at low 02 levels.
Relative to the control sample, periodic sparging of a sample with CO2 to maintain high total CO2 availability (ca. 1,100 ,uM/liter) throughout the day did not appreciably alter the rate of nitrogen fixation during the first half of the solar day (Fig. 4) . However, after a midmorning maximum and a subsequent decrease prior to midday, fixation activity continued at a low level throughout the afternoon and into the night. This indicates that the added CO2 affected nitrogen fixation activity in some unknown way, either by mitigating 02 inhibition or by increasing the nitrogenase enzyme concentration through prolonged photosynthetic carbon fixation.
Periodic sparging with N2 to maintain low dissolved 02
concentrations (131 to 178 ,uM/liter) while simultaneously sparging with CO2 to prevent decreases in total CO2 availability resulted in enhanced nitrogen fixation activity throughout the entire solar day (Fig. 4) . The experiment was conducted on a bright, sunny day, and fixation appeared to be directly dependent on solar radiation. Nitrogen fixation activity was maximum at the middle of the solar day and was (Fig. 4) which was incubated beginning at sunrise and which had undergone a midday suppression in nitrogen fixation activity. Samples consisted of a control (no sparging) and samples sparged with CO2, N2 to reduce dissolved 02, and a combination of N2 and CO2.
nearly symmetrical with the diel fluctuation in solar radiation. Fixation activity ceased shortly after sunset and remained suppressed in the dark.
In the afternoon, a control sample with greatly inhibited but not totally inactivated nitrogen fixation activity (Fig. 4) was split into four samples and subjected to the same treatments (Fig. 5) as the initial samples. The afternoon decline of fixation could be altered by varying the 02 and CO2 concentrations (Fig. 5 ). Although sparging with N2 alone in midafternoon (at ca. 1430 hours) did not increase the fixation rate, it reduced the rate of decline in fixation activity relative to that of the control sample. Enrichment with CO2 alone further reduced the rate of loss of nitrogen fixation activity and resulted in significant dark fixation. However, a combination of CO2 enrichment and N2 sparging to eliminate supersaturating 02 conditions resulted in an increase in nitrogen fixation activity. The combined treatment initially reversed the late afternoon decline in fixation; the decrease in fixation that subsequently occurred paralleled the late afternoon decrease in solar radiation. The results of these experiments demonstrate that the nitrogen fixation rate is a function of 02 concentration, CO2 availability, and light intensity. of Sanctuary Lake cyanobacteria used in these studies has been observed in other aquatic environments (1, 9, 12, 14, 16) . This basic pattern involves continuous nitrogen fixation throughout the solar day, with the maximum rate occurring between noon and late afternoon. Maximum nocturnal fixation rates associated with the diel patterns observed in other environments ranged between 6 and 36% of the daytime maximum. In Sanctuary Lake, nocturnal fixation rates by assemblages comprising low cell concentrations were within the same range (23 to 28%).
The diel pattern involving the afternoon depression and (2, 11, 28, 31) . Either through an inhibitory effect on nitrogenase or the stimulation of photorespiration, high 02 concentrations may reduce nitrogenase activity (7, 18, 25) . However, high 02 concentrations do not necessarily result in the reduction of N2 fixation. Other investigators (20, 23) (26) .
Photosynthetically derived ATP, electrons, and carbon substrates drive nitrogenase activity in heterocystous cyanobacteria (4, 19) . During specific periods of the solar day, photosynthetic carbon fixation by populations of bloomforming cyanobacteria can be affected by a variety of factors such as light intensity, elevated 02, and CO2 availability (22, 24) . Midday decreases in photosynthesis caused by supersaturating 02 and low CO2 concentrations may result in decreased nitrogenase activity (7, 14, 18) . We hypothesize that the two diel patterns of N2 fixation observed in our Sanctuary Lake studies occurred as a result of temporal changes in the rate of photosynthesis. The cyanobacteria fixed nitrogen during the solar day when they were actively photosynthesizing. The rate of N2 fixation generally increased for several hours following sunrise, and nitrogenase activity remained at elevated levels as long as photosynthetic carbon fixation occurred. In assemblages with low cell concentrations, N2 fixation did not decrease appreciably until just prior to sunset, when photosynthesis decreased because of low light intensity. In the case of the higher cell concentrations, photosynthetically induced supersaturating 02 concentrations and low CO2 availability during midday resulted in the curtailment of photosynthetic carbon fixation several hours before sunset. As a consequence, N2 fixation activity decreased throughout the second half of the solar day, and nocturnal activity was inhibited. Our experiments demonstrate that in addition to being controlled by light, diel nitrogen fixation by Sanctuary Lake cyanobacterial assemblages is affected by 02 and total C02, possibly as mediated through the photosynthetic carbon fixation system.
